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ABSTRACT Acommonmethod of aging adult ßies, ßuorescence spectrometry, was used tomonitor
the increase of overall pterine titer in head extracts of Anastrepha ludens (Loew). Accumulation of
ßuorescent compounds was measured as a function of chronological age of ßies maintained at 17 and
27�C. Although relative ßuorescence increased with age, Þeld studies revealed that this phenomenon
could not be used for accurate age estimation, as relative ßuorescence did not increase predictably
with age over the entire life span. Accumulation of individual pterins, deoxysepiapterin and sepiap-
terin, were studied in a similar manner. These two speciÞc compounds were separated by high-
pressure liquid chromatography and their accumulationwas followed at 15 and 30�C in the laboratory
and under caged Þeld conditions. While titer of deoxysepiapterin increased steadily in a curvilinear
fashion, sepiapterin quickly reached a maximum and then maintained a constant level for the rest of
the life of the ßies. Based on the physiological response of deoxysepiapterin to chronological time and
ambient thermal conditions, this compoundwas determined to be an age speciÞc biological parameter
for the Mexican fruit ßy and should allow age estimation in Þeld-collected ßies.
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INFORMATION ON THE age distribution of insects is es-
sential for understanding the population dynamics,
biology, and behavior of many species. To assess pop-
ulation age structure in adult insects, several methods
have been developed (reviewed by Tyndale-Biscoe
1984); however, none of these methods have been
fully effective for assessing the age of adult Mexican
fruit ßies, Anastrepha ludens (Loew).

Anastrepha ludens is a pest of various commercial
crop plants, primarily fruits and vegetables. This pest
is often spread accidentally to new areas by the ship-
ment of infested agricultural commodities. Insecticide
sprays or baits and the sterile-male-release method
have been used commonly for the suppression and
eradication of newly established populations of A.
ludens (Tween 1993). Data concerning the age distri-
bution of Þeld populations and the age of released
sterile males is necessary to evaluate the overall suc-
cess of control programs because both feeding and
mating behaviors are inßuenced by age. At the same
time the ability to determine the age of released ßies
would be a useful tool for assessing the quality and
longevity of irradiated mass-produced ßies.
Research involving age determination of adult ßies

from the family Tephritidae has been extremely lim-

ited. Camin et al. (1991, 1992) applied techniques for
age estimation based on accumulation of ßuorescent
compounds (Mail et al. 1983, Lehane and Mail 1985)
in the head of the Mediterranean fruit ßy, Ceratitis
capitata (Wiedemann). The initial results showed age
related changes in the intensity of ßuorescence ob-
tained from head extracts, but no further studies have
been published. Similar studies were performed with
the melon ßy, Bactrocera cucurbitae (Coquillett), by
Mochizuki et al. (1993) who demonstrated that the
titer of ßuorescent compounds in the heads of these
insects increased with chronological age.
The great majority of the ßuorescent substances in

the head capsules of ßies are C-6 substituted pterins
(Ziegler and Harmsen 1969). These compounds are
structurally based upon a pyrazino (2,3-d) pyrimidine
ring system and are localized primarily in the eyes.
Our previous studies revealed the existence of 10 dif-
ferent pterins in the head capsule of adult A. ludens
(Tomic-Carruthers et al. 1996). Pilot experiments in-
dicated that overall ßuorescence in head extracts
changes with age and the titers of two individual
pterins (sepiapterin and deoxysepiapterin) increase
in correlation with chronological age. Both of these
compounds are 6-substituted dihydro pterins. They
are ßuorescent substances with very similar structure.
The only structural difference between these two
compounds is found in the side chain at the 6-position.
Sepiapterin is 6-lactoyl-7, eight dihydropterin, and de-
oxysepiapterin is 6-propionyl-7, 8, dihydropterin.
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Their absorption spectra are almost identical and they
are both yellow in visible light (Nawa and Forrest
1962).
Themainobjectivesof thisworkwere to test pterins

as age speciÞc biological characters compare the rate
of accumulation of sepiapterin and deoxysepiapterin
under different thermal conditions. Complete high-
pressure liquid chromatography (HPLC) separation
of these twocompounds in individualMexican fruit ßy
adults enabled analysis of their age-related accumu-
lation patterns. Because chronological age is not a
validmeasure of physiological age in insects and other
ectothermic animals, all of our experiments were per-
formed at two different constant temperatures in the
laboratory and under natural cycling temperatures in
the Þeld.

Materials and Methods

Flies were obtained from the United States Depart-
ment of Agriculture, Agriculture Research Service
Subtropical Agricultural Research Laboratory quar-
antine colonies in Weslaco, TX. They were cultured
using established techniques (Rhode and Spishakoff
1965, Spishakoff and Hernandes Davila 1968) under
standard laboratory conditions (28�C and a photope-
riod of 12:12 [L:D] h). Adult ßies were fed a diet
containing yeast hydrolysate and sugar and were al-
lowed continuous access to water.
For all laboratory studies and the Þrst Þeld exper-

iment, A. ludens adults were kept in cages measuring
20 by 20 by 20 cm. Age of experimental ßies was
synchronized by placing 250 pupae in cages 3 d before
eclosion and removing unemerged pupae 24 h after
the Þrst ßy emerged. The day of emergence was des-
ignated as day 0. Samples for extractions were col-
lected twice a week over the entire experimental pe-
riod. At the time of sampling, ßies were immobilized
by cooling at 4�C for �1 h, then decapitated and the
heads placed individually in vials on silica gel. Vials
were immediately wrapped in aluminum foil and
stored in a refrigerator at 4�C until chemical analysis
was completed.
In theÞrst groupof laboratoryandÞeldexperiments

ßuorescent compounds were extracted from the head
capsule using the procedures of Lehane and Mail
(1985). Intensity of ßuorescence at 450 nm from the
head extracts excited with a 360-nm light was mea-
sured on a spectrometer (Perkin Elmer LS50, Shelton
CT). The amount of a ßuorescent compound is ex-
pressed as relative ßuorescence based on the direct
readings of the spectrometer (Freifelder 1982). Ex-
tracts from �100 ßies were analyzed for each of the
tested temperatures (17 and 27�C) and for the Þeld-
reared ßies. This Þrst Þeld experiment was performed
in the previously described small cages, which were
placed inside of a large cage built around four grape-
fruit trees. These cages were located in an orchard in
Weslaco, TX. This experiment was conducted during
the winter season in the subtropical climate of South
Texas.Weather data were recorded hourly within the

large Þeld cage using Easy Logger equipment (Om-
nidata, Shelton, CT).
In the second group of laboratory and Þeld exper-

iments, accumulation of sepiapterin and deoxysepiap-
terin was measured as a function of chronological
time. These pterinswere extracted by amodiÞed stan-
dard procedure (Tomic-Carruthers et al. 1996) that
wasoriginallydeveloped for spectroßuorometric anal-
ysis (Lehane and Mail 1985). Extractions were per-
formed in the dark and on ice to prevent oxidation of
light sensitive pterins. Pterins were separated by
HPLC (Waters, Milford, MA, USA) using 30% meth-
anol as the mobile phase on a reverse phase C18
column (5-�m particle size, 25 cm by 4.6 mm, Alltech
Associates, DeerÞeld, IL, USA). Separated pterins
were detected by absorption at 420 nm. Results of the
analysis, including quantiÞcation of sepiapterin and
deoxysepiapterin, were obtained using Millennium
2010 Chromatography Manager Software (Waters).
IdentiÞcation of acquired peaks was accomplished by
comparing their UV-absorption spectra using photo-
diode array (PDA) outputs with spectra of standards.
All measurements were evaluated in mVolts as ob-
served using the PDA detector. Sepiapterin and de-
oxysepiapterin were obtained from Schircks Labora-
tories, Jona, Switzerland.
Accumulation of sepiapterin and deoxysepiapterin

wasobserved inßiesheldunder twodifferentconstant
temperature regimes (15 and 30�C) with a photope-
riod of 8:16 (L:D) h in environmental chambers. The
samples (four male and four female ßies) were col-
lected two times a week and processed to determine
titers of sepiapterin and deoxysepiapterin as previ-
ously described. The sexualmaturation of femaleswas
followed as an additional measure of adult develop-
ment. The time of the Þrst oviposition was observed
and used as a sign of sexual maturity.
Field experiments were executed during thewinter

season when A. ludens is normally found to be a pest
in South Texas. Approximately 5,000 sterile ßies were
released in a large cage 5,620 m3 (32 by 48 by 12 feet)
enclosing four grapefruit (Citrus x paradisi) trees. To
ensure survival of the released ßies, sugar water was
provided in addition to food sources that were natu-
rally available in the cage. Samples were collected
approximately once a week depending on the
weather. The collections were made by hand in the
afternoon while ßies were resting on leaves. The ßies
were then taken to the laboratory, where samples
were processed by the procedure described earlier.
Quarantine regulations in South Texas require that

sterilized ßies be used when experiments are pre-
formed in a single screened Þeld cage. Flies were
sterilized by exposing pupae to 7 KRad of radiation
from a 137Cs isotope source. Because this additional
factor (irradiation) was introduced in this Þeld ex-
periment, a supplementary test was conducted to de-
termine if irradiation had an effect on synthesis and
accumulation of deoxysepiapterin and sepiapterin. Ir-
radiated and non-irradiated ßies were placed sepa-
rately in two small cages within the large Þeld cage.
They were provided with standard diet and an excess
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of water. Samples were collected once a week and
processed as described previously.
All statistical analyses were conducted using SYS-

TAT 5.2 for the Apple Macintosh Computer (Wilkin-
son 1989). The multivariate general linear hypothesis
(MGLH) procedure and its associated signiÞcance
testswere used to evaluate all data. Regressionmodels
were selected based on the form of the observed data
and the resulting parameters compared using the
MGLH/test feature. Model signiÞcance, parameter
estimates, and their measures of variation have been
provided in the text and associated Þgures.

Results and Discussion

Fluorescence. In the laboratory, increase of relative
ßuorescence in the head extracts was variable but
positively correlated with the age of the ßies (Fig. 1).
The best Þt was obtained with themodel y � axb (y �
relative ßuorescence and x � d postemergence) for
each of the analyzed samples as it best describes the
underlying biochemical process involved in this
chemical accumulation. However, the slope of regres-
sion changedwith the increase of rearing temperature
causing a marked effect on the accumulation of ßu-
orescent substances in the head capsule (Fig. 1). A
statistically signiÞcant difference (F � 40.522; df � 1,
243; P � 0.001) was found in the titer of relative
ßuorescence between individuals reared at the sub-
optimal (17�C) and optimal (27�C) temperatures

(Baker et al. 1944). Although the values of the slopes
(0.304�0.0018and0.318�0.002)and interceptswere
small (15.577 � 0.87 and 21.726 � 0.72), both param-
eters were found to be signiÞcant in the overall model
due to the small standard errors. In themodel y � axb,
slight differences in the exponent parameter (b)make
large differences in the Þtted regression line (Fig. 1).
The results from the Þrst Þeld experiment were

highly variable and accordingly showed a low coefÞ-
cient of determination between relative ßuorescence
and the age of the individual ßy (Fig. 2A). We note,
however, that no sampleswere collected for adult ßies
from 1 to 10 d old because weather conditions did not
permit collectionofmaterial during theÞrst 10dof the
experiment. The average temperature in the Þeld was
16.9�C (with 4.98�Cminimal and 27.6�Cmaximal tem-
perature) during the 40 d of experiment (Fig. 2B);
nevertheless, the results showed an insigniÞcant in-
crease (F� 0.1653; df� 1, 92;P� 0.671) in the relative
ßuorescence with the chronological age of the ßies
(Fig. 2A). Our attempt to increase correlation be-
tween intensity of relative ßuorescence and age by
transforming time into degree-days (DD) based on
accumulation of Þeld temperatures over a 10�C base
temperature (Leyva-Vazquez 1988) did not increase
the predictive value of our model in an appreciable
way (data not shown).
From 10 to 40 d, linear regression (y �

0.201x�39.643, y � relative ßuorescence and x � d
postemergence) best described the obtained results.

Fig. 1. Relative ßuorescence (y) obtained from the head extracts of adultAnastrepha ludens,maintained at (A) 17�C[n �
127] and (B) 27�C [n � 120] as a function of chronological age in days (x). Each circle on the graph represents the value
obtained from an individual ßy.
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In this case, we found no signiÞcant slope (F � 0.103;
df � 1, 78; P � 0.742) and a low coefÞcient of deter-
mination (r2 � 0.031) due to high variability.

HPLC Quantification of Sepiapterin and Deoxyse-
piapterin. We reported previously that sepiapterin
and deoxysepiapterin accumulate in the head capsule
of A. ludens in correlation with time (Tomic-Carruth-
ers et al. 1996).Experimentswith a similar basic design
to the ßuorescence studies were carried out to deter-
mine whether either of these two compounds was
suitable for age estimation of A. ludens. At the same
time, this study compared the dynamics of accumu-
lation of these two compounds in a large number of
individual ßies held under the same environmental
conditions.
In Figs. 3 and 4, each point representing the titer of

sepiapterin has a corresponding point representing
the titer of deoxysepiapterin from the same individual
ßy. This allows the direct comparison of these two
compounds in relation to their associated accumula-
tionwith the age of individual ßies. Fig. 3 shows trends
in the accumulation of these two compounds in ßies
reared at 15 and 30�C, respectively. Deoxysepiapterin
accumulates with age, and the dynamics of that ac-
cumulationdependson temperature.However, values
obtained for sepiapterin exhibited poor correlation
between age and accumulation of this compound. The
nonlinear regression model of y � axb (y � relative
titer of the test compound in mVolts and x � d poste-
mergence) best describes the accumulation of de-

oxysepiapterin and sepiapterin, with the equations for
the best Þt and the coefÞcients of determination pre-
sented in the Fig. 3. At both temperatures (15 and
30�C), sepiapterin showed no signiÞcant slope (F �
0.102; df � 1, 93; P � 0.75 and F � 0.00661; df � 1, 45;
P � 0.90, respectively). Deoxysepiapterin, however,
increased signiÞcantly (F � 239.4; df � 1, 93; P �
0.0001 and F � 56.96; df � 1, 45; P � 0.001) with time
at both 15 and 30�C (Fig. 3). Both the slope (0.543 �
0.031, and 0.493 � 0.026) intercept (737.9 � 085.1 and
2,556.5 � 232.2) parameters were found to be signif-
icantly different in the full model.
The life span of A. ludens adults was signiÞcantly

longer in the ßies reared at 15�C than those held at
30�C. The Þrst oviposition event in the group reared at
15�Cwas recordedwhenßieswere 27 d old,while ßies
reared at 30�C laid their Þrst eggs 7 d after adult
emergence. As expected, maturation and aging of the
ßies were much faster under high temperature con-
ditions.
Results of the Þeld studies on sepiapterin and de-

oxysepiapterin accumulations are shown in Fig. 4. Ti-
ter of deoxysepiapterin increased signiÞcantly (F �
67.64; df � 1, 36; P � 0.00001; r2 � 0.632), whereas
sepiapterin did not increase with age (F � 3.047; df �
1, 36; P � 0.10; r2 � 0.078). Nearly a 10-fold increase
in deoxysepiapterin levels was noted over the 28-d
experimental period, whereas no increase was seen in
sepiapterin levels. The experiment lasted 28 d with an

Fig. 2. (A) Relative ßuorescence (y), of head extracts from adult adult Anastrepha ludens (maintained in small exper-
imental cages in theÞeld) as a functionof chronological age indays (x).Eachcircleon thegraph represents thevalueobtained
from an individual ßy [n � 43]. (B) Temperature conditions recorded in the Þeld during the experiment.
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average temperature of 17�C with minimal and max-
imal temperatures of 3.1 and 29.7�C, respectively.
In the experiments comparing accumulation of se-

piapterin and deoxysepiapterin in irradiated and non-
irradiated ßies, no signiÞcant differences were found
in the treatments over the 30-d experimental period
(data not shown).
Overall, our laboratory experiments show that the

relative ßuorescence from the head extracts of A.
ludens increases with time and that this increase is
affected by ambient temperature (Fig. 1). This phe-
nomenon is described and used as an age grading tool
in other species of Diptera (Lehane and Mail 1985;
Langley et al. 1988; Thomas and Chen 1989; Cheke et
al. 1990; Wall et al. 1990, 1991; Camin et al. 1991;
Krafsur et al. 1992; Mochizuki et al. 1993). The cor-
relation between temperature, chronological age and
the increase of relative ßuorescence in A. ludens sug-
gests that this occurrence may be biologically linked
with physiological aging in this species as well.
Because our laboratory results were generated un-

der constant temperatures in an unnatural environ-
ment, Þeld experiments were conducted to test the
effect of naturally varying temperature conditions on
increase of ßuoresce of head extracts in relationship
with age. Our Þeld experiment revealed poor corre-
lation between age of the ßy and the titer of combined
ßuorescent compounds taken from the head capsule
of the test ßies. The pattern of pterin accumulation
was not uniform over the entire life span of the ßies.

The amount of pterins doubled in the Þrst 10 d and
then changed little for the rest of the adult life span.
These results couldnot be explained easily by ambient
temperature conditions recorded in the Þeld but are
similar to accumulationpatterns of pterins observed in
Anopheles mosquitoes (Wu and Lehane 1999). Aver-
age temperature in the Þrst 10 d was 18.2�C followed
by average temperature of 16.9�C for the next 27 d.
When translated into cumulative degree-days, the cal-
culated values were 81.03DD for day 10 and 281.1DD
for day 37when the last sampleswere collected. Thus,
temperature conditions cannot be the sole explana-
tion for theunevenrateofpterineaccumulation in this
experiment. Also, the variability between ßies in rel-
ative ßuorescence through time made this technique
unusable as an age-speciÞc character in A. ludens.
The relative intensity of ßuorescence in our exper-

iments measures all the ßuorescent compounds from
the head capsule, not just the speciÞc compounds that
may accumulate with age. In our previous studies
(Tomic-Carruthers et al. 1996), we were able to sep-
arate 10 different pterins in the head capsule of A.
ludens adults. Our studies revealed that sepiapterin
and deoxysepiapterin have different patterns of accu-
mulation. The dynamics of accumulation of sepiap-
terin in A. ludens (Fig. 3) correspond to the pattern
described forDrosophila melanogaster (Meigen) (Fan
et al. 1976). The synthesis of sepiapterin in head cap-
sules of D. melanogaster starts before emergence and
accumulates for a short period after emergence, usu-

Fig. 3. Accumulation of sepiapterin (squares) and deoxysepiapterin (diamonds) expressed as mVolts (y) as a function
of chronological age in d (x) in the heads of adult Anastrepha ludens maintained at (A) 15�C [n � 93] and (B) 30�C [n �
48]. Each symbol represents the value obtained from an individual ßy.
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ally 2Ð4 d, depending upon temperature. At this point,
sepiapterin levels reach a maximum and remains rel-
atively constant for the rest of the life span. Data on
the accumulation of deoxysepiapterin are not avail-
able in D. melanogaster or any species except for A.
ludens (this study).

Synthesis of deoxysepiapterin in the heads of A.
ludens begins at the time of adult emergence (Tomic-
Carruthers 1997). Accumulation continues over the
entire life span. This accumulation is positively cor-
related with ambient thermal conditions, and it re-
ßects physiological aging.We know of no other pterin
with a similar pattern of accumulation in the head
capsule of A. ludens.
Age-speciÞc biological characters are deÞned “as

those [factors] which reßect changes in physiological
functions or composition of an organism rendering
death a more likely occurrence” (Donato et al. 1979).
In a practical sense, the determination of age-speciÞc
characters is important because they can be used as a
tool for physiological age estimation of animals in
natural environments. Our experiments proved that
the “standard method” that uses relative ßuorescence
from the head capsule of ßies as a parameter for age
estimation is not adequate for A. ludens. We have
tested two individual pterins as potential candidates
for age speciÞc biological parameters and found de-
oxysepiapterin is an appropriate biological character
for age estimation. Our results show an increase in
deoxysepiapterin levels in the head capsule of ßies

with age, and predictive equations (Figs. 2A and 3)
obtained in our experiments (r2 values of 0.719 for 15;
0.611 for 30�C and 0.660 for Þeld conditions) are sig-
niÞcant. Unexplained variation is present in this as in
all previous studies involving the use of relative ßuo-
rescence as age parameter.
Explanations for individual variations obtained in

the populations under study are critical in experi-
ments aimed at identifying age-speciÞc biological
characters Only by understanding the cause of this
variation can further improvements in prediction be
made. Based on the analytical method proposed by
Donato et al. (1979), part of the variation in our ex-
periments could be the result of selective mortality
that naturally occurs in populations. Therefore, as the
population ages, samples taken from experimental
populations progressively represent survivors that age
more slowly than the rest of the population. This
explanation Þts well with the aging proÞle obtained in
our studies, because all our experiments showed in-
creasing variability with age. Unfortunately, we did
not collect mortality data in our experiments, nor do
we have data on the average life span ofMexican fruit
ßies under our experimental conditions. Additional
research on the dynamics of fruit ßy aging and pop-
ulation mortality assessments are required. Neverthe-
less, this is the Þrst study demonstrating that the ac-
cumulation pattern of deoxysepiapterin depends on
the physiological age of the Mexican fruit ßy and that

Fig. 4. (A)Accumulationof sepiapterin(squares)anddeoxysepiapterin(diamonds)expressedasmVolts (y)as a function
of chronological age in d (x) in the heads of adult Anastrepha ludens reared on grapefruit trees in a Þeld cage. Each symbol
represents the value obtained from an individual ßy [n � 39]. (B) Temperature conditions recorded in the Þeld during
experiment.
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this compound could be used as an age speciÞc bio-
logical parameter in the Þeld.
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